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Abstract 
Altitudinal gradients are characterised by steep changes of the physical and biotic 
environment that present challenges to plant adaptation throughout large parts of the 
world. Hybrid zones may form where related species inhabit different neighbouring 
altitudes, and can facilitate interspecific gene flow and potentially the breakdown of 
species barriers. Studies of such hybrid zones can reveal much about the genetic basis 
of adaptation to environmental differences stemming from changes in altitude and the 
maintenance of species divergence in the face of gene flow. Furthermore, due to 
recombination and transgressive effects, such hybrid zones can be sources of 
evolutionary novelty. We document plant hybrid zones associated with altitudinal 
gradients and emphasise similarities and differences in their structure. We then focus 
on recent studies of a hybrid zone between two Senecio species, which occur at high 
and low altitude on Mount Etna, Sicily, showing how adaptation to local 
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environments and intrinsic selection against hybrids act to maintain it. Finally, we 
consider the potential of altitudinal hybrid zones for generating evolutionary novelty 
through adaptive introgression and hybrid speciation. Examples of homoploid hybrid 
species of Senecio and Pinus that originated from altitudinal hybrid zones are 
discussed. 
 
Key words 
Adaptation, altitudinal hybrid zones, hybridization, introgression, selection, speciation  
 
1. Introduction 
How plants respond to environmental change is fundamental to our understanding of 
processes of plant adaptation and speciation. Since the early landmark studies of 
Turesson [1] and Clausen et al. [2] on ecotypic divergence within species, many plant 
evolutionary biologists have focused on the type and extent of genetic alterations that 
occur within and between species in response to environmental change. Whereas 
Turesson and Clausen et al. examined what were considered to be local races to 
demonstrate habitat-correlated patterns of genetic variation within species, later 
workers focused on genetic divergence across environmental gradients, where 
changes in environment occurred either gradually, for example with increases of 
latitude or altitude [3], or suddenly such as at the boundary between soils containing 
high or trace levels of toxic heavy metals [4].  
Altitudinal gradients are particularly interesting in that they are characterised 
by steep changes in numerous features of the physical environment, such as 
temperature, atmospheric pressure, moisture, hours of sunshine, ultra violet [UV] 
radiation, wind, season length and geology [5], and also aspects of the biotic 
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environment, for example, number and type of pollinator, herbivore and competitor. 
Approximately a quarter of the land surface of Earth is covered by mountains, which 
host at least one third of terrestrial plant species’ diversity [5]. Altitudinal gradients 
therefore present major and recurrent challenges to successful plant adaptation 
throughout large parts of the world. Although some plant species can grow over a 
wide range of altitudes by adapting to changed conditions through phenotypic 
plasticity and genetic modification [2,6-9], most species are restricted in their 
distribution to narrower ranges of altitude. Consequently, as you ascend a mountain it 
is noticeable that particular plant species are replaced by other species, giving rise to 
different types of vegetation at different altitudes, for example, forest, sub-alpine and 
alpine vegetation zones at low, intermediate and high altitudes, respectively.  In 
situations where related species occur at different altitudes over relatively short 
distances, it is possible for hybrid zones to form between them, which may serve as 
bridges for interspecific gene flow. Under such circumstances, the analysis of hybrid 
zones can reveal much about the genetic basis of adaptation to conditions at different 
altitudes and also the maintenance of species divergence in the face of gene flow. 
Furthermore, it is expected that due to recombination and transgressive effects, hybrid 
zones will often contain greater levels of genetic and phenotypic variation than either 
parent and consequently provide the potential for generating evolutionary novelty and 
possibly new hybrid taxa [10]. 
In this review, we first document a number of plant hybrid zones that occur 
across altitudinal gradients between species of equivalent ploidy to emphasise 
similarities and differences in structure. We then focus on a hybrid zone between two 
Senecio species that occur on Mount Etna, Sicily, and finally discuss the potential of 
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such altitudinal hybrid zones to generate evolutionary novelty, particularly new 
homoploid hybrid species.  
 
2. Plant hybrid zones across altitudinal gradients 
Broadly speaking, three different types of hybrid zone structure are recognised by 
theoretical and empirical evolutionary biologists. These are tension zones [11], 
bounded hybrid superiority zones [12], and mosaic hybrid zones [13-15]. These three 
models of hybrid zone [reviewed in 16] vary according to how selection acts on 
hybrids and parent species within the context of hybridization and gene dispersal. The 
tension zone model assumes that hybrids are of low fitness (reduced viability and/or 
sterility) relative to parent species due to inherent defects caused by negative 
interactions (epistasis) between genes inherited from each parent. Under these 
circumstances, selection against hybrids is environment independent (intrinsic 
selection) and hybrids tend to be restricted to a narrow clinal transition between 
parent species. The bounded hybrid superiority model may also be characterised by a 
smooth transition between one parent species and the other via the hybrid zone, 
however in this model hybrids have higher fitness than either parent species in 
intermediate habitats, but lower fitness in parental habitats. Thus, in contrast to the 
tension zone model, selection on hybrids is environment dependent (extrinsic 
selection). Bounded hybrid superiority hybrid zones tend to occupy ecotones, i.e. 
distinctive intermediate environmental zones located between those occupied by the 
parent species. In the mosaic hybrid zone model, different environments are patchily 
distributed within an area of species overlap. Under these conditions it is envisaged 
that hybrid zones comprise a mosaic of different parental genotype frequencies with 
parent species adapted to different environments. In this model, selection may both 
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act against hybrids and be environment independent (as in the tension zone model) or 
favour hybrids and be environmental dependent (as in the bounded hybrid superiority 
model). 
We conducted a trawl of the literature for examples of plant hybrid zones that 
occur across altitudinal gradients and which had been subject to genetic analysis using 
molecular markers. For this we used ISI Web of Knowledge to conduct a search using 
the terms ‘hybridization* altitude’ and ‘hybridization* elevation’. We also used the 
same key words to search a range of journals that might be expected to publish 
articles on the topic. Our search revealed twelve examples of plant hybrid zones 
occurring across altitudinal gradients in North and Central America, Europe and Asia 
(Table 1). The species pairs that hybridize encompass trees (Picea [17], Pinus 
[18,19], Populus [20-22], Quercus [23]), woody shrubs (Artemisia [24-26], 
Rhododendron [27]) and herbaceous perennials (Aquilegia [28-30], Ipomopsis [31-
34], Penstemon [35-37], Senecio [38-40] and Silene [41]), all of which are known or 
presumed to reproduce by outcrossing apart from Artemisia and Rhododendron, 
which are reported to exhibit a mixed mating system of selfing and outcrossing. 
Additional examples of hybridization occurring between species across altitudinal 
gradients have been proposed in Armeria [42,43], Impatiens [44], Pinus [45] and 
other Rhododendron [46], but detailed analyses of hybrid zone structure are lacking in 
these examples. 
In some cases the species pairs that hybridize have different pollinators 
(Aquilegia, Ipomopsis, Silene), though pollinator preference is not sufficient to 
prevent at least some hybridization from occurring. However, in the majority of cases 
species are pollinated by a range of generalist pollinator species (Penstemon, 
Rhododendron, Senecio) or are wind pollinated (Artemisia, Picea, Pinus, Populus, 
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Quercus). The most notable differences in the abiotic environment occupied by low 
and high altitude species are related to temperature and moisture, although differences 
in soil type and snowfall quantity were recorded in some instances. For four of the 
twelve hybrid zones, the bounded hybrid superiority model was thought to provide the 
best description of structure (Artemisia, Penstemon, Picea, Rhododendron), for two 
the tension zone was considered a better fit (Populus, Senecio: S. aethnensis x S. 
chrysanthemifolius), and for another two a mosaic hybrid zone description was 
indicated (Aquilegia, Senecio: S. ovatus x S. hercynicus). In the case of Ipomopsis, 
smooth clinal change was evident for both morphological and genetic changes, but the 
hybrid zone is complex and neither the bounded hybrid superiority nor tension zone 
model currently appear to describe the system exactly. Smooth clinal change is also 
evident in the Pinus hybrid zone, but there is insufficient known about this example to 
indicate whether it represents a tension zone or bounded hybrid superiority zone. In 
Quercus, there was smooth clinal change in morphology associated with altitude, but 
both hybrid and parental molecular genotypes were distributed across the altitudinal 
gradient making classification of the hybrid zone difficult.  In Silene, a bimodal 
structure was evident in the hybrid zones studied with ma y backcross individuals but 
few F1s present. These zones were not classified according to existing models.    
Although attempts were made by authors to classify most of the hybrid zones 
into one or other of the three well known categories, it seems impossible to do this 
completely satisfactorily, due to absence of critical information. Even in the cases of 
Artemisia, Penstemon and Picea where reciprocal transplant analyses were conducted 
and indicated that hybrids have highest fitness at intermediate altitudes and reduced 
fitness in parental habitats, estimates of lifetime fitness are lacking over the entire life 
cycle and are based on records made in one or a few years only. Furthermore, in one 
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of the two examples of a tension zone (in Senecio), reduced hybrid fitness was based 
mainly on indirect assessment [39], while in Populus there was evidence for and 
against hybrids having low fitness in the hybrid zone. In neither of these two cases 
were reciprocal transplant analyses conducted.  The Rhododendron hybrid zone is 
possibly an example of a bounded hybrid superiority zone, but is unusual in being 
entirely composed of fertile F1s capable of producing germinable seed when 
intercrossed or backcrossed to either parent. These F1 hybrids occupy a zone at 
intermediate altitudes where post-F1 hybrids are not recruited, possibly due to both 
extrinsic and intrinsic selection acting against them. A transplant analysis is required 
to establish the relative fitness of parents, F1 hybrids and post-F1 hybrids across this 
hybrid zone to provide a more precise understanding of how it is maintained. 
From this review of existing examples of plant hybrid zones across altitudinal 
gradients, it is evident that a range of different structures is exhibited, but none of 
them at the present time can be classified with complete confidence according to the 
three well-known hybrid zone models. More detailed investigation is required on each 
of these hybrid zones before all the factors and interactions affecting their 
maintenance might be fully understood.  This is not to undervalue the studies 
conducted so far, which, despite their incompleteness, have yielded valuable 
information on the genetic basis of adaptive divergence and the nature and genetic 
basis of reproductive barriers between species. As emphasised by Hewitt [47], hybrid 
zones are “natural laboratories for evolutionary studies”.  
 
3. Determining the selective forces acting across hybrid zones: the Senecio 
hybrid zone on Mount Etna, Sicily 
(i) Clinal variation, gene dispersal and selection 
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Two closely related ragwort species, Senecio aethnensis and S. 
chrysanthemifolius (Asteraceae), occur at high (>2500 m) and low altitudes (<600 m), 
respectively, on Mount Etna and form a hybrid zone at intermediate altitudes [38,39]. 
Both species are diploid (2n = 20), self-incompatible, short-lived herbaceous 
perennials that are easily distinguished from each other by differences in leaf shape, 
flower head (capitulum) size and fruit (achene) size. Senecio aethnensis has entire 
glaucous leaves and large flower heads and fruits, in contrast to the highly dissected, 
non-glaucous leaves and relatively small flower heads and fruits produced by S. 
chrysanthemifolius. Clinal change across the altitudinal gradient on Mount Etna is 
evident for these morphological characters (figure 1, [39]) and also for molecular 
marker genetic assignments to the two parental species ([38; figure 1, [39]). A 
detailed analysis of this variation for a wide range of quantitative traits and several 
molecular markers indicated that although extrinsic selection was important in the 
adaptation of the two species to different altitudes, intrinsic selection against hybrids 
restricted gene flow between them [39].  Thus, narrower cline widths or shifts in the 
centre of a cline were recorded for three groups of quantitiative traits (leaf shape, 
inflorescence structure, fruit structure) relative to molecular clines, indicating that 
such traits were under extrinsic environmental selection, and that differences between 
species reflected adaptations to different altitudes maintained by extrinsic selection. 
Furthermore, because cline widths and their centres varied slightly between 
quantitative trait groups, it was likely that the locations of selective optima varied for 
different traits with selection for opposing leaf shapes occurring at a lower altitude on 
Mount Etna than selection for opposing floral structure and seed type. However, the 
molecular and quantitative genetic clines also indicated that strong intrinsic selection 
acted against hybrids. This was evident from tests of different models of hybrid zone 
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structure which showed that dispersal-dependent tests, based on a balance of gene 
flow and intrinsic selection against hybrids, were more effective at explaining 
molecular variation and quantitative trait variation than were dispersal-independent 
tests where extrinsic selection due to local altitude would cause reduced hybrid fitness. 
Intrinsic selection against hybrids explained elevated linkage disequilibrium (LD) for 
molecular markers observed at intermediate hybrid indices in this study, and from the 
LD values, indirect estimates of both strong selection against hybrids and high rates 
of gene dispersal per generation were calculated. Thus, it was concluded that the 
Senecio hybrid zone on Mount Etna was characterized by strong intrinsic selection 
against hybrids and high dispersal rates [39]. 
 
(ii) Experimental measurement of fitness  
Although analyses of clinal variation of the type described above are 
instructive of how selection structures and maintains a hybrid zone, experimental 
measures of the relative fitness of parent species and hybrids are crucial for an 
understanding of how selection operates. Ideally, reciprocal transplant analyses 
should be conducted over several years to estimate the relative fitness of hybrids and 
parent taxa, and this has yet to be done for the Senecio hybrid zone on Mount Etna.  
The only direct experimental comparison of fitness conducted so far on parents and 
hybrids in this hybrid zone comes from a study of germination and early seedling 
growth of progeny raised from crosses within and between populations [48]. This 
study revealed that seeds from higher-altitudinal populations germinated better over 
low to intermediate temperatures, while at warmer temperatures there was a slight 
advantage in survival of seedlings derived from seed from lower altitude. These 
differences might reflect adaptations to high and low altitudinal conditions, 
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respectively. Interestingly, the study produced almost no evidence of intrinsic 
selection against hybrids for the characters measured. Thus, seed of natural hybrids 
examined and also F1 hybrids between low and high altitudinal populations generally 
exhibited intermediate germination, and seedling growth and survival. The only 
exceptions to this occurred under cold conditions where seedling growth and survival 
of natural hybrids was inferior to both parents (significantly so for height), while 
seedling growth (but not survival) of F1s was significantly greater than either parent. 
This suggests that F1s show heterosis for seedling growth, which is lost in more 
advanced generation hybrids. It was concluded that evidence for intrinsic selection 
against hybrids during early stages of the life cycle was very limited. Rather, it was 
likely that at intermediate altitudes, hybrids exhibited more adapted phenotypes than 
parental species and that extrinsic selection favoured hybrids at these altitudes [48]. 
These results therefore tend to support a bounded hybrid superiority model, rather 
than a tension zone model, for the Senecio hybrid zone on Mount Etna.  
In contrast to the above, direct evidence of hybrids exhibiting low intrinsic 
fitness has come from other studies involving crossing the parent species. Fertile F1 
hybrids are easily produced from artificial crosses between the two Senecio species on 
Mount Etna (53), which initially suggested that hybrids might not be adversely 
affected by intrinsic selection [38]. However, the hypothesis that intrinsic selection 
acts against hybrids within the hybrid zone on Mount Etna [39] has since received 
support from two studies in which post-F1 hybrids were examined. The first of these 
studies examined germination and seedling survivorship of F1- F5 progeny produced 
from a reciprocal cross between S. aethnensis and S. chrysanthemifolius [54]. 
Although this study was aimed primarily at comparing differences in gene expression 
between the two species and hybrids, germination and seedling survivorship was also 
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monitored during the course of the experiment. Interestingly, a sharp decrease in 
percentage seed germination was recorded, falling from ~94% to ~73% between the 
F1 and F2 generations and to ~18% in the F3 (figure 2), before a return to higher 
percentages was observed in the F4 and F5 generations. Also, between the F1 and F2 
generations seedling survivorship fell from 100% to ~87%. These results indicate that 
intrinsic selection against hybrids becomes apparent after the F1 generation as a result 
of hybrid breakdown. The return to higher levels of seedling survival after the F2, and 
also seed germination after the F3 generation, is likely to be a consequence of indirect 
selection in the experiment for hybrid genotypes exhibiting high seed germination and 
seedling survivorship [54].  
Further evidence of reductions in fitness of later generation hybrids between S. 
aethnensis and S. chrysanthemifolius emerged from an analysis of genetic segregation 
among F2 progeny of a reciprocal cross between the two species [55]. Of 120 F2 
progeny examined, 20 (16.7%) failed to either germinate or flower and were not 
genotyped. Among the remaining offspring it was evident that genetic segregation at 
many loci was significantly distorted from expected Mendelian ratios, i.e. there was 
significant transmission ratio distortion (TRD). In fact, significant TRD was evident 
for approximately a quarter of 127 marker loci examined in the F2. These TRD loci 
were mapped to eight distinct clusters across six of the ten linkage groups detected, 
indicating widespread genomic effects of incompatibility between the species. 
Interestingly, levels of TRD recorded could not be entirely explained by loss of F2 
individuals that failed to germinate or flower, indicating that incompatibility could 
affect seed production in addition to seed viability/germination and ability to flower. 
An examination of possible causes of TRD indicated that meiotic drive in F1 parents, 
gametophytic selection or cytonuclear incompatibility contributed to the TRD of five 
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of these loci, while TRD was asymmetric at four loci in one or other cross direction. It 
was concluded that intrinsic selection against hybrids as evidenced by the widespread 
occurrence of TRD across multiple genomic regions in the F2, would be an important 
factor in structuring the hybrid zone between S. aethnensis and S. chrysanthemifolius 
on Mount Etna according to the tension zone model. 
 In summary, from the relevant studies that have been conducted on the Mount 
Etna Senecio hybrid zone, it is clear that determining how selection acts on hybrids – 
in favour  (extrinsically) or against (intrinsically) – is not an easy task. However, we 
consider that there is now very good evidence for intrinsic selection acting against 
hybrids between the two Senecio species based on the findings of the hybrid cline 
analysis conducted by Brennan et al. [39] and the crossing experiments of Hegarty et 
al. [54] and Brennan el al. [55]. Nevertheless, it should be emphasised that the 
lifetime fitnesses of different hybrid classes and parent species have yet to be 
measured across the altitudinal gradient on Mount Etna. Until this is done, our 
analysis of how extrinsic and intrinsic selection structures the hybrid zone will remain 
incomplete. 
 
(iii)  Genetic basis of species differences and time since species divergence 
Studies of molecular divergence between species that form hybrid zones can 
provide information on the genetic basis of adaptive divergence and how long ago 
such species diverged from their common ancestor. A recent examination of 
molecular genetic divergence within and among populations sampled from across part 
of the Mount Etna hybrid zone (from 230 m to 2285 m altitude) has shown that most 
variation for expression-invariant genes and microsatellites was distributed within 
populations with less genetic differentiation occurring between low and high 
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altitudinal populations [49]. In contrast, genetic divergence between low and high 
altitudinal populations was significantly higher for expressed genes, which were 
possibly important in local adaptation to low and high altitudes, given their 
involvement in sulphur metabolism, response to cold temperature and cuticular wax 
biosynthesis.  Similarly, two recent comparisons of the transcriptomes of plants from 
low (763-870 m) and high (2036-2471 m) altitudes have revealed that despite the 
marked phenotypic divergence between them, divergence for synonymous nucleotide 
variation is very low, as is the proportion of fixed SNPs in ~10,000 genes analysed 
[50,51]. Moreover, only a few genes exhibit significantly elevated differentiation (i.e. 
are outliers) and even fewer show divergence in gene expression. From this, it was 
suggested that with regard to the two Senecio species on Mount Etna “Diversifying 
selection at only a handful of loci may be enough for the formation and maintenance 
of taxonomically well-defined species, despite ongoing gene flow.” [51] 
The molecular marker [49] and transcriptome [50,51] data sets from these 
studies were also used to estimate when the two Mount Etna species originated and 
the occurrence of gene flow between them. A coalescent analysis conducted on the set 
of expression invariant genes and microsatellites indicated that divergence occurred 
~32,000 years ago [49], while earlier times of divergence (~108,000 to ~150,000 
years ago) were estimated from the analyses of transcriptome data [50,51]. The 
analyses of both forms of data showed that significant gene flow had occurred 
between the two species during their history. Interestingly, time of divergence 
estimated from one of the transcriptome analyses [50] was correlated with the growth 
of Mount Etna to an altitude >1000 m where S. chrysanthemifolius is not found and it 
was suggested that S. aethnensis possibly originated on Mount Etna “as a response to 
the emergence of a new, high-altitude niche as the volcano grew” [50]. It was 
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concluded from all of these studies that species divergence most likely took place 
along the altitudinal cline in the face of gene flow and was driven by extrinsic 
selection, and that the origin of the two species would “appear to be a classic example 
of ecological speciation in response to rapid geological upheaval.” [51]. That said, it 
was pointed out that the results of these analyses did not rule out the possibility of an 
initial period of allopatric divergence followed by secondary contact. 
Caution is required in accepting the dates of divergence and levels of gene 
flow estimated from these studies, due to the material chosen to represent each 
species. On Mount Etna the most genetically divergent populations representing S. 
chrysanthemifolius and S. aethnensis occur below 900 m and above 2500 m, 
respectively, and populations between these altitudes contain plants that are admixed 
to varying degrees [38,52].  In the analysis of expression-invariant genes and 
microsatellites [49], material representing S. chrysanthemifolius was sampled from 
populations between 230 m and 1085 m, while that representing S. aethnensis was 
collected from populations occurring between 1810 m and 2285 m. For both species, 
therefore, samples were collected from some populations comprising admixed 
individuals rather than from the most divergent populatio s representing the two 
species.  For the transcriptome analyses, material sampled from the lower altitudes 
(750-870 m) is likely to represent the most genetically divergent form of S. 
chrysanthemifolius, whereas plants derived from seed sampled from between 2036 
and 2471 m are expected to be admixed and, therefore, unlikely to represent the most 
divergent form of S. aethnensis. Thus, in each of these studies divergence time 
between species is likely to have been underestimated and gene flow overestimated. 
 
4. Generation of evolutionary novelty 
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(i) Adaptive introgression 
It is now well known that introgression can lead to improved adaptation of a species 
to changed conditions [56-59], and so it is worth considering how this process might 
influence changes to plant hybrid zone structure across altitudinal gradients in 
response to climate change. Adaptive introgression can result in the formation of a 
bounded hybrid superiority hybrid zone across an altitudinal gradient and a recent 
attempt has been made to predict how such a hybrid zone in Picea (Spruce), might 
respond to future climate change [17]. In this hybrid zone, which occurs in British 
Columbia, Canada, P. glauca, P. engelmanii and their hybrids, grow at low, high and 
intermediate altitudes, respectively. Picea glauca outcompetes hybrids and P. 
engelmanii at low altitudes due to an ability to grow faster, P. engelmanii performs 
best at high altitudes due to greater tolerance to heavy snow loads or long, cold 
winters, and hybrids are best suited to intermediate altitudes due to their ability to 
grow taller than P. engelmanii and set buds earlier than P. glauca. By 2050 mean 
annual temperature in the interior of British Columbia is predicted to rise by 2-3 oC 
and the climate will become drier [see 17]. Models of the response of the hybrid zone 
to these climate changes predict that P. glauca will be favoured at both low and 
intermediate altitudes, while at high altitudes P. engelmanii will retain its advantage 
and hybrid index will not change much . These predictions, therefore, suggest that the 
current hybrid zone will become reduced in width in response to climate change, 
although caution is advised in accepting these predictions, given the uncertainty of 
future climates [17]. A more general belief is that climate warming will result in 
species adapted to high altitude migrating to yet higher altitudes [60] and 
consequently hybrid zones will also be displaced to higher elevations. Should a high 
altitudinal species eventually run out of habitat to which it is adapted, it is feasible 
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that it will become extinct. Higher altitudes would then be occupied by hybrids if the 
hybrids represent a bounded hybrid superiority zone and do not require recurrent 
formation from crosses between parent species or by the lower altitudinal species in 
the case of hybrid tension zones with competitively inferior hybrids. 
 
(ii) Hybrid speciation  
As a consequence of being adapted to novel conditions, it is also feasible for a 
hybrid to evolve into a new species without change in ploidy level (homoploid hybrid 
speciation [10,16,61-63]). This is favoured by both ecological and spatial isolation 
from the parent species [64] and consequently is more likely to occur if the hybrid or 
a group of hybrids is dispersed to a novel environment away from the hybrid zone. 
There are currently two examples of homoploid hybrid species thought to have 
originated from a hybrid zone across an altitudinal gradient, Pinus densata and 
Senecio squalidus. Pinus densata is a homoploid hybrid species that originated 
following hybridization between P. tabuliformis and P. yunnanensis [65,66]. The 
three species currently have allopatric geographical distributions in China with P. 
tabuliformis widely distributed in northern and central China, P. yunnanensis 
occurring in southwest China, while P. densata is extensively distributed in the 
southeastern part of the Tibetan Plateau. Whereas P. tabuliformis mainly grows at low 
to medium altitudes (400-1770 m, although occasionally reaches 3000 m), P. 
yunnanensis usually grows at higher altitudes (2000 - >3000 m), while P. densata is 
normally found at even higher altitudes (up to 4200 m) [see 67]) showing enhanced 
drought-tolerance that is interpreted as an adaptation to high altitude habitats [68]. 
From a survey of chloroplast and mitochondrial DNA throughout the ranges of each 
of these species, a putative ancestral hybrid zone between P. tabuliformis and P. 
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yunnanensis was identified in the northeastern periphery of P. densata’s distribution 
[67]. It is proposed that this was formed during a time when the distributions of the 
two parent species overlapped and that P. densata became established by migrating 
westwards from this hybrid zone to colonize a novel high altitude habitat on the 
Tibetan Plateau, from which both parent species are excluded [67,69]. A subsequent 
survey of nucleotide variation over eight nuclear loci in P. densata indicated an origin 
of this species in the late Miocene associated with a recent uplift of the Tibetan 
Plateau [70]. 
 Because of the relatively ancient origin of P. densata and putative status of the 
hybrid zone from which it is thought to have originated, details of hybrid zone 
structure at the time of its origin are lacking. This is not the case for Senecio squalidus 
which originated in Britain following the introduction of plants from the hybrid zone 
between S. aethnensis and S. chrysanthemifolius on Mount Etna approximately 300 
years ago [39,62,71,72]. Thus, in this case it is possible to compare the new 
homoploid hybrid species with parental and hybrid plants from the hybrid zone from 
which it was recently derived to determine what changes may have occurred during 
its origin. Initial comparisons have shown that S. squalidus is clearly distinguished 
genetically from both parent species and hybrids present on Mount Etna (figure 3a) 
due to changes in allele frequencies including loss of some alleles and gain of a few 
others [73]. It is also different, although less so, in morphology (figure 3b). Whereas 
for some morphological traits it has an intermediate mean, for others it resembles one 
or other of the parents, and for a few traits it is transgressive, i.e. exhibits a more 
extreme mean than either parent species. Transgressive effects were also evident in 
gene expression of 203 expressed sequence tags (ESTs) when S. squalidus was 
compared with its parent species using microarrays [54]. Two of the ESTs showing 
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transgressively lower expression in S. squalidus (confirmed by qPCR) are involved in 
response to sulphur deficiency, which may reflect an adaptation to reduced sulphur 
levels in UK soils relative to soils on Mount Etna [54]. Transgressive segregation has 
been proposed as an important generator of evolutionary novelty [74] and a cause of 
homoploid hybrid species being adapted to novel environments [61,62]. It is feasible 
that it has played a role in the adaptation of S. squalidus to UK soil conditions, 
although this requires rigorous testing.  
The fact that there is now a body of evidence that strong intrinsic selection 
acts against hybrids on Mount Etna (see above) raises the question as to how such 
hybrids were able to give rise to a highly successful homoploid hybrid species. It has 
been repeatedly emphasized, however, that hybrid fitness varies between hybrid 
genotypic classes and across environments [10,16,75] and consequently it is entirely 
feasible for a given set of hybrids showing low fitness under one set of conditions to 
exhibit high fitness under another set of conditions or give rise to a further set of 
hybrids with particular parental combinations showing high fitness under the same set 
of conditions. This makes it feasible that a new homoploid hybrid species, S. 
squalidus, emerged in the UK following cultivation in the Oxford Botanic Garden for 
almost a century, even though the original hybrids from within the hybrid zone on 
Mount Etna were relatively unfit compared to parents there. 
 
5. Conclusions 
Altitudinal gradients reflecting steep changes in a wide range of abiotic and biotic 
variables are excellent systems for examining adaptive divergence and its 
maintenance between plant species. Such gradients are very common and available 
for investigation throughout large parts of the world. Rather surprisingly, relatively 
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few plant hybrid zones across altitudinal gradients have been investigated in detail, 
although those that have, encompass trees, shrubs and herbaceous perennials, and also 
the three main types of hybrid zone model: tension, bounded hybrid superiority, and 
mosaic. It is feasible that the relatively low number of hybrid zones investigated 
simply reflects the small number of plant evolutionary biologists engaged in work on 
them. Alternatively, it is possible that such hybrid zones are in fact rare in nature. 
Support for this second possibility comes from a recent study of range overlap and 
niche divergence among sister species pairs in the California Floristic Province [76]. 
This study showed that shifts in altitude were rare between sister species, which 
suggested “…a surprisingly limited role of altitudinal zonation in promoting 
speciation… despite the fact that we can often find ecotypes adapted to elevation..” 
[76]. If this finding is generally true for other regions as well, it could partly account 
for why relatively few hybrid zones across altitudinal gradients have been studied to 
date, in that such hybrid zones might be rare because they are more likely to form 
between closely related sister species than between more distantly related taxa.   
Classifying hybrid zones according to the three well-known models and, 
therefore, establishing how they are maintained in the wild is difficult due to 
limitations of different approaches taken and a lack of critical information with regard 
to measures of relative lifetime fitness across the environmental gradient and in 
different years. A particular issue is to determine accurately whether hybrids are 
subject to extrinsic selection and favoured in intermediate environments (bounded 
hybrid superiority model), or are selected against due to intrinsic incompatibilities 
between genes inherited from progenitor species (tension zone model). Studies on 
Senecio emphasize the point that it is at least necessary to examine fitness beyond the 
F1 generation before ruling out the possibility that intrinsic selection acts against 
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hybrids. Hybrid zones across altitudinal gradients have the potential to generate 
evolutionary novelty through introgression and the establishment of new hybrid taxa. 
This has been demonstrated through the recent origin of the homoploid hybrid species 
Senecio squalidus in the UK from hybrid material introduced from Mount Etna, Sicily, 
and also the origin of the high altitudinal homoploid hybrid species, Pinus densata, 
from a hybrid zone in China. The study of such hybrid zones across altitudinal 
gradients and the hybrid species they generate provide excellent opportunities for 
investigating how plants adapt to conditions that vary across these gradients and also 
to novel habitats away from the hybrid zones where the hybrid species are favoured. 
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Figure legends 
 
Figure 1. Changes in mean hybrid index for molecular and quantitative trait variation 
across the altitudinal gradient on Mount Etna, Sicily. Each quantitative trait group 
consists of two to three uncorrelated quantitative traits that are involved in similar 
ecological functions: Arch, plant architecture; Flor, inflorescence structure; 
Leaf, leaf structure, Seed, fruit and seed structure. Gen, indicates the cline for 
molecular variation. (From [39]; reproduced with permission of John Wiley & Sons 
Inc.).  
 
 
Figure 2. Percentage seed germination (after 3 weeks) and seedling survival (after 6 
weeks) of F1 to F5 progeny of a reciprocal cross between S. aethnensis and S. 
chrysanthemifolius. (From [54]; reproduced with permission of John Wiley & Sons 
Inc.). 
 
 
Figure 3. Plots of first and second discriminant coordinate scores resulting from 
analyses of (a) between-individual genetic distances based on 22 molecular genetic 
markers, and (b) 20 quantitative traits.  The analyses were conducted on samples of 
Senecio aethnensis, S. chrysanthemifolius, and their hybrids from Mount Etna, Sicily, 
and also S. squalidus from the UK. Axes are labelled with the percentage variance 
explained by the first and second discriminant functions, respectively. (From [73]; 
reproduced with permission of Nature Publishing Group). 
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Table 1. Locations, characteristics and structure of hybrid zones across altitudinal gradients reported in trees, shrubs and 
herbaceous perennials 
              
Species 
Altitude 
(m) Location Mating system Pollinators 
Pollinator 
preference 
Ecological 
differences 
Location of 
hybrids 
Hybrid zone 
structure model 
Hybrid fitness 
analysis 
Reciprocal 
transplant 
analysis 
Type of 
Selection 
on 
hybrids Refs 
             
Trees 
Picea 
P. glauca x                     
P. engelmanii 
<600    
>1800 
British 
Columbia, 
Canada 
Monoecy - 
outcrossing Wind None 
Moisture, 
length of 
growing 
season, 
snowfall 
amount 
Intermediate 
altitudes 
Bounded hybrid 
superiority - 
clinal variation 
evident 
Various fitness 
components 
measured on 
hybrids and 
parents. Hybrids 
fitter in 
intermediate 
environments 
Yes -  in 
common 
gardens at 
different 
altitudes Extrinsic 17 
Pinus 
P. parviflora 
var. 
pentaphyla x                  
P. pumila 
<1200  
>1200 
Mt. 
Asahidake,  
Japan 
Monoecy - 
outcrossing 
assumed Wind No 
Not specified 
- associated 
with altitude 
differences 
Intermediate 
altitude 
Unknown - 
smooth cline 
present, all 
individuals of P. 
pumila are 
introgressed No No Unknown 
18, 
19 
Populus 
P. fremontii x              
P. angustifolia 
<1500 
>2300 
Weber 
River, Utah, 
USA 
Dioecy - 
Outcrossing Wind No 
Temperature 
and moisture 
Intermediate 
and high 
altitudes 
Tension zone - 
some 
cytoplasms and 
nuclear genes 
introgressed 
into high 
altitude species 
indicating 
certain hybrids 
have high 
fitness  
Hybrids more 
susceptible to 
aphid attack, but 
as fit as one 
parent in sexual 
reproduction and 
2-4 times greater 
than parents in 
asexual 
reproduction No 
Intrinsic 
for parts 
of 
genome, 
extrinsic 
for other 
parts of 
genome 
20-
22 
Quercus 
        
Q. 
magnoliifolia x      
Q. resinosa 
<1500 
>1900 
Tequila 
volcano, 
Jalisco, 
Mexico 
Monoecy -
outcrossing 
assumed Wind No 
Not specified 
- associated 
with altitude 
differences 
Intermediate 
altitude 
Unknown - cline 
in morphology, 
but hybrids 
present across 
Hybrids exhibited 
a higher level of 
developmental No 
Possibly 
intrinsic 
and 23 
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entire altitude 
gradient based 
on molecular 
markers 
instability extrinsic 
             
Shrubs 
        Artemisia 
A. tridentata 
ssp. tridentata 
x                   A. 
t. ssp. 
vaseyana 
<1740           
>1840 
Wasatch 
Mts., Utah, 
USA 
Self-
compatible, 
mixed mating 
system Wind No 
Edaphic and 
associated 
with altitude 
Sites of 
intermediate 
or more 
variable 
ecology 
Bounded hybrid 
superiority 
Hybrids exhibit 
greater fitness in 
intermediate 
zone 
Yes - seed 
germination, 
survival and 
reproduction 
recorded Extrinsic 
24-
26 
Rhododendron 
R. ponticum x             
R. caucasicum 
<2000 
>2000 
Tiryal Dag, 
Turkey 
Self-
compatible, 
mixed mating 
system 
Generalists 
- large no. 
of 
pollinator 
species 
recorded No 
Not specified 
- associated 
with altitude 
differences 
Intermediate 
altitude 
Bounded hybrid 
superiority - 
Only fertile F1s 
occur in hybrid 
zone. Later 
generation 
hybrids and 
backcrosses are 
absent 
No - However, 
hybrid 
intercrossing and 
backcrossing 
produce good 
germinable seed. 
Assumed all post 
F1 hybrids 
eliminated by 
postgermination 
selection.  No 
Extrinsic/ 
intrinsic 27 
             
Herbaceous 
perennials 
Aquilegia 
A. formosa x              
A. pubescens 
<3200        
>2750 
Sierra 
Nevada, 
California, 
USA 
Self-
compatible, 
protogynous 
Humming-
birds, bees, 
flies 
No [28]           
Yes [30] 
Soil type, 
moisture, 
exposure 
Sites of 
intermediate 
ecology Mosaic No No Unknown 
28-
30 
Ipomopsis 
I. aggregata x             
I. tenuituba 
<2900  
>3100 
Rocky Mts, 
Colorado, 
USA 
Self-
incompatible, 
protandrous 
Humming-
birds, 
hawkmoths Yes 
Not specified 
- associated 
with altitude 
differences 
Intermediate 
altitudes 
None yet 
suitable - 
Smooth cline 
present 
Yes - but hybrid 
fitness varies 
according to 
pollinator 
visitation, seed 
herbivory, 
reciprocal 
transplant Yes Extrinsic 
31-
34 
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         Penstemon 
P. newberryi x             
P. davidsonii 
<3025 
>3450 
Sierra 
Nevada, 
California, 
USA 
Unknown - 
outcrossing 
presumed 
General - 
62 
different 
pollinator 
species 
observed 
No, but 
some 
pollinators 
absent at 
high 
altitude 
Temperature 
and moisture 
Intermediate 
altitudes 
Bounded hybrid 
superiority 
indicated - 
smooth cline 
present 
Yes - Hybrids 
physiologically 
different and 
performed as 
well or better 
than parents in 
greenhouse and 
field 
Yes -  
compared 
survival of  
F1s and 
parents in 
common 
gardens at 
different 
altitudes Extrinsic  
35- 
37 
Senecio 
S. 
chrysanthemif
olius  x   S. 
aethnensis 
<600     
>2500 
Mount 
Etna, Sicily, 
Itlay 
Self-
incompatible, 
outcrossing 
Generalists 
-  many 
different 
pollinator 
species No 
Temperature  
and moisture 
Intermediate 
altitude 
Tension zone - 
post F1 hybrid 
breakdown 
 F2 progeny 
exhibit decreased 
germination and 
survivorship No Intrinsic 
38, 
39 
         
S. ovatus x                    
S. hercynicus 
<  800         
>1040 
Mt 
Brocken, 
Harz 
Mountains, 
Germany 
Outcrossing 
assumed 
Assumed to 
be 
generalists No 
Not specified 
- associated 
with altitude 
differences 
Intermediate 
altitude Mosaic 
F1 and 
backcrosses are 
fertile No 
Extrinsic 
suggested 
- but no 
hard 
evidence 40 
Silene 
S. latifolia x                  
S. dioica 
<1120          
>1440 
Swiss Alps, 
Switzerland 
Dioecy - 
Outcrossing 
Bumble-
bees, 
butterflies, 
moths Partial 
Temperature
, moisture, 
disturbance 
Intermediate 
altitude 
Narrow hybrid 
zones are 
bimodal 
comprising 
mainly 
backcross 
individuals 
F1 and 
backcrosses are 
fertile No 
Extrinsic 
suggested 
- but no 
hard 
evidence 41 
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(917m)	  
(1327m)	  
(1515m)	  
(1795m)	  
(1928m)	  
(2478m)	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